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ABSTRACT

The research under this program has investigated problems associated with applying
regional-phase amplitude ratios, such as Pn/Sn or Pn/Lg ratios, for discrimination of
explosions and earthquakes for monitoring the CTBT. Using multiple array recordings of
groups of events in the same source region, we characterized the factors that contribute
bias or the scatter of P/S ratio measurements, after correction for path effects. These
factors include both receiver site effects and source mechanism effects on P/S ratios. The
study of site effects has focused on arrays where we have seen site variations in P/S ratios,
including the Scandinavian regional arrays (NORES, FINES), and other new arrays in the
International Monitoring System (IMS). The variance in the P/S ratio around regional
arrays and large aperture arrays reveals the extent to which site affects cause variations in
P/S ratios around different arrays in different regions. The partitioning of the variance
between source, path, and receiver effects is examined by analysis of variance (ANOVA).
We have performed an initial study of a group of presumed underwater explosions in the
Gulf of Bothnia recorded by regional arrays in Scandinavia. We find that P/S and P/S
amplitude ratios vary by as much as a factor of 3 around the FINES and NORES arrays,
with apertures of 3 km, as well as similar variations for the different sources. These
variations appear to be driven by variations in Pn and Pg amplitudes, whereas Lg

amplitudes appear to be more stable.

We also performed a statistical study of the transportability of P/S ratio discriminants
using separability measures and optimum transformations in order to reduce

dimensionality of multiple frequency P/S ratios. These transformations consist of

vi



calculating the intra-class and inter-class scatter matrices for P/S ratio discriminants and
using the eigenvectors, corresponding to the largest eigenvalues, of the inter-class matrix
to compute optimum transformation of discriminants that provide the best separation. We
applied this analysis to distance-corrected discriminants in different regions (e.g., China,
Eurasia, North America) in order to compare discriminant effectiveness for different
regions and to evaluate the transportability of optimum discriminant decision surfaces.

Key Words: discrimination, amplitude ratios, regional arrays, site effects, analysis-of-

variance, underwater explosions
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1.0 INTRODUCTION

The International Monitoring System (IMS) for nuclear test monitoring faces the serious
challenge of being able to accurately and reliably identify seismic events in any region of
the world. This requirement extends to a very low magnitude threshold, mb=2.5, which is
in the range of the sizes of local and regional seismic activity, both natural and artificial.
Much research has been performed in recent years on developing discrimination
techniques that classify seismic events into broad categories of source types, such as

nuclear explosion, earthquake, and mine blast.

The seismic waveform discriminant which has been commonly investigated is the regional
P(Pn, Pg)/S(Sn, Lg) amplitude ratio. Seismic source physics suggests that earthquakes,
being dislocation sources, should be intrinsic sources of shear waves whereas explosions,
being pure compressional sources, should only generate P waves. Therefore, explosions
should have higher P/S amplitude ratios than earthquakes. This has been generally
observed to be true, although the separation of explostons and earthquakes amplitude ratio

is larger at high frequency (> 5 Hz) than at lower frequencies.

Observationally, nuclear explosions and earthquakes appear to be well separated by this
discriminant (e.g., Baumgardt, 1993; Baumgardt and Der, 1995; Hartse et al, 1997). For
example, Russian nuclear explosions observed at a Chinese station WMQ records no
shear wave energy at frequencies above 6 Hz whereas Chinese earthquakes produce
significant shear wave energy above 6 Hz. However, studies of mine blasts in Scandinavia
and Germany (Baumgardt, 1993) indicate that many of the mine blasts seem to be intrinsic
sources of shear waves, perhaps because they induce shear in fracturing and spallation in
mines. Thus, low P/S ratios may be an indication of earthquakes, but many mine blasts
may also have low values. However, we generally observe that most nuclear expfosions
will have high P/S ratios at high frequency compared to earthquakes, and mine blasts can

also have high P/S ratios at high frequency.



Although P/S ratios appear to give promising discrimination between earthquakes and
explosions, they have also been shown to have a high degree of scatter which reduces the
confidence of identification using such discrimination techniques as the outlier method
(Fisk et al, 1996). An example of this scatter is shown in Figure 1. This example shows
discrimination analysis of an event that occurred on 31 December 1992 near the former
Soviet Union test site at Novaya Zemlya. The figure shows Pn/Sn amplitude ratios for
populations of nuclear explosions on Novaya Zemlya, quarry blasts on the Kola
Peninsula, and earthquakes in Scandinavia, all recorded by the ARCES array in northern
Norway, that clearly shows that nuclear explosions tend to have higher ratios than
earthquakes and most regional recordings of mine blasts. The 31 December 1992 event,
indicated by the arrow, falls in the lower part of the explosion category at low frequency
and in the earthquake category at high frequency. However, the scatter in the points is
quite large, and there is considerable overlap in the ratios for nuclear explosions and
earthquakes. Although the 31 December 1992 event seems to be outside the nuclear-
explosion population, the large scatter in data points makes it equivocal to identify the

event as an earthquake or mine blast.
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Figure 1: Scatter plot of Pn/Sn ratios for earthquakes and explosions in
Scandinavia compared. The green arrows indicate the Pn/Sn ratios of the 31
December 1992 event (From Ryall, et al, 1995).

Likely causes of this scatter includes the following:

1. Propagation path effects — These include differential attenuation of P and S and

unmodeled propagation path effects, such as variations in elevation, crustal depth,
and depth to basement (sediment thickness). Empirical studies of variations of P/S
ratios with distance (e.g., Fisk et al, 1996) have resulted in distance corrections.
Correlation studies for P/S amplitude ratios with crustal parameters (e.g., Zhang et
al, 1994; Fan et al, 2001) have demonstrated that these correlations can reduce the

variance of P/S ratios caused by unmodeled path effects.

2. Source effects — These may include ripple fire patterns in mine blasts, which can
usually be identified by spectral techniques, magnitude differences (Xie and
Patton, 1999; Ringdal et al, 2000), and possible differential radiation pattern

effects on P and S amplitudes. The latter has usually been assumed to be small for



high frequency regional waves. As mentioned above, mine blasts may also
intrinsically excite shear waves to different degrees, depending on the local
tectonic environment and the blasting practice, which can contribute high variance
in P/S ratios. Finally, variations in depth of focus of earthquakes may also produce

significant variations in P/S ratios.

3. Site effects — These include variations in P and S amplitudes caused by variations
in the geology immediately below the site itself. These effects are usually local and
not included in propagation-path corrections. Baumgardt and Der (1995) showed
examples of site variance effects around the Iranian Long Period Array (ILPA)
where both earthquake- and explosion-like Pn/Lg amplitude ratios were observed

for sensors separated by several kilometers.

This report addresses possible causes of scatter and bias in the use of regional P/S
amplitude ratio discriminants that have not been much studied in previous research,
although their importance has been noted. These effects may contribute to the residual
variance in distributions of P/S ratios for earthquake populations even after the
application of propagation-path corrections. These include station site effects, perhaps
due to variation in amplification of P and § waves by variable site geology, on the P/S
ratios, as evidenced by the variation in P/S amplitude ratios around regional arrays. Also,
earlier research (Baumgardt, 1996) has revealed that source radiation patterns from
earthquakes in the Zagros Mountains of western Iran, recorded at ILPA, may cause
significant variation in Pn/Lg ratios. This study follows up on that observation and
investigate the effect in more detail to determine if the effect is due to source or
propagation-path effects. Overall, this study provides a method for estimating the likely
maximum a priori variance that may be caused by these site effects and which may be
useful in discrimination studies that must rely on single site measurements of regional P/S

ratios.



2.0 ANALYSIS OF SITE EFFECTS ON P/S AMPLITUDE RATIOS

In this section, we describe a method for estimating site variances using regional arrays.
Using multiple array recordings of groups of events in the same source region, we
characterize the factors that contribute bias or the scatter of P/S ratio measurements.
These factors include both receiver site effects and source effects on P/S ratios. The study
of site effects focused on arrays where we have seen site variations in P/S ratios, including
the Scandinavian regional arrays (NORES, FINES), and other new arrays in the
International Monitoring System. The variance in the P/S ratio around regional arrays and
large aperture arrays reveals the extent to which site affects cause variations in P/S ratios

around different arrays in different regions.

2.1 Regional Array Recordings of Underwater Explosion Group in the
Gulf of Bothnia

We have chosen, as an initial study, to analyze a group of events located in the Gulf of
Bothnia, shown in a previous study (Baumgardt, 1999) to be several underwater
explosions that occurred there in a single day on 8 May 1996. These events were
discovered by searching the Reviewed Event Bulletin (REB) of the Prototype
International Data Center (PIDC) for events located in offshore areas. These events
constitute an event cluster, with apparently nearly the same magnitudes (Ml between 3.4

and 3.6), that appear to be underwater explosions.

The locations and the propagation paths to Scandinavian regional seismic arrays are
shown in Figure 2. A record section of the events recorded at the center elements of the
regional arrays pictured in Figure 2 are shown in Figure 3. The phase identifications made
on each of the events are shown. The plot shows that on this day eight events occurred, all

apparently in the same location.
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Figure 2: Map showing propagation paths from the event cluster in the Gulf of
Bothnia to regional arrays in Scandinavia.
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Figure 3: Record section of the Gulf of Bothnia underwater explosions of 8 May
1996 recorded at four regional arrays.



Figure 4 shows a record section plot of one the events in the Gulf of Bothnia. All
waveforms were passed through a 4-8 Hz bandpass filter. The regional phases are clearly
observed at all the stations out to a distance of 950 km. The large amplitudes suggest that

the events are in fact underwater explosions.

4-8 Hz Filtered Waveforms

L T - ty I
L &g i ! FINES
300 [FAD/sz - S .
L Wi T Hafors ]
app [ SIS T 2
n" ¢ NORES
500 | ]
= 600 [ 2
13} - 4
(&)
= i 4
E - o
2 i 1
a 700 - ]
[ 1
800 - .
900 |- * _'
EW ' ARCES |
1000  -10 Al
i | N ¢ n | L L L —| L =il P
11:54:.00 :56:00 :58:00

Time (hr:min:sec)

Figure 4: Record section plot of waveforms for one of the 8 May 1996 Guif of
Bothnia underwater explosions recorded at the center elements of the regional
arrays.

Baumgardt and Der (1998) previously discovered other events in the Gulf of Bothnia and
showed that their spectral and cepstral characteristics were consistent with those expected
from underwater explosions. Baumgardt (1999) described a cepstral modeling and
inversion approach for inferring the depth and yield of underwater explosions by
modeling and inverting cepstra for underwater explosions. For the 8 May 1996 group of
presumed underwater explosions, we found that the cepstra were very similar, and the
resulting inversions gave very similar results in terms of explosion yield and depth in the

water column.



Examples of spectra for waveforms recorded by one of the events at FINES and NORES
are shown in Figure 5. The FINES spectra show very strong spectral scalloping, also
observed at NORES, although less apparent. This feature results in interference of
acoustic waves reflecting in the water column and bubble pulses, which convert to seismic

phases at the water-bottom rock interface.
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Figure S: Spectra recorded at FINES and NORES by one of the 8 May 1996
presumed underwater blasts in the Gulf of Bothnia.

Examples of cepstral inversions for two of the events are shown in Figure 6, which give
water depths of 60 and 82 m, and explosive yields of 156 and 177 kg. This result is typical
of all the events in the group, which gave yields ranging between 141 to 183 kg and
depths from 69 to 72 m. These depths were consistent with the known bathymetric depths
in the Gulf of Bothnia. There may have been some correlation between local magnitude
and yield, since the cepstra for events with local magnitudes of 3.6 gave the higher yields
of between 179 to 183 kg whereas the 3.4 to 3.5 events gave yields between 141 and 165
kg.
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Figure 6: Example of cepstral inversions for two of the presumed underwater blasts
in the Gulf of Bothnia.

2.2 Amplitude Ratio Analysis

For the amplitude ratio analysis, we focused on the regional arrays that recorded most of
the presumed underwater explosions in the Gulf of Bothnia. Figure 7 shows an expanded
map of the region showing the propagation paths to each of the center elements of the
regional arrays. NORES and Hagfors are nearly at the same azimuth. In this report, we

will focus primarily on the NORES and FINES data.
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Figure 7: Map showing locations of Gulf of Bothnia events and propagation paths to
regional arrays that recorded them.

Figure 8 and Figure 9 show plots of the waveforms at the different array elements at
FINES and NORES, respectively, from one of the 8 May 1996 events. The FINES array
elements are between 304 and 306 km from the events and Pn and Pg are difficult to
separate there. NORES, on the other hand, at distances between 481 and 484 km, had
clearly observable Pn and Pg phases. Both arrays recorded strong Lg waves from all the

events.
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Figure 8: Waveforms recorded at the FINES array from one of the 8 May 1996
Gulf of Bothnia underwater explosions.
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Figure 9: Waveforms recorded at the NORES array from one of the 8 May 1996
Gulf of Bothnia underwater explosions.

Figure 10 shows bandpass filtered waveforms recorded at the center elements of each
array. These plots show that the range of frequencies for the highest signal-to-noise ratios
is between 1.5 and 18 Hz for FINES and 1.5 and about 12 Hz for NORES. The peaking of
the signal-to-noise ratios in the 2 to 4 Hz band at both arrays is due to the spectral

modulations produced by the bubble pulse and surface reflections, discussed above.
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Figure 10: Bandpass filter analysis of waveforms recorded at the center element of
the FINES array (left) and NORES array (right) from one of the 8 May 1996 Gulf of
Bothnia underwater explosions showing the focusing of energy in the mid-frequency
band (3-6 Hz).

We measure the Pn/Lg and Pg/Lg ratios of filtered waveform envelopes computed by
calculating the RMS amplitudes in 1-second windows shifted down the traces. Figure 11
shows the array-stacked envelopes, called incoherent beams, with the phase picks shown.
These same envelopes have been computed for each array element at NORES and FINES
and the maximum phase amplitudes were measured in a S-second window following the
Pn, Pg, and Lg phase picks. Figure 11 shows that only Pn and Lg were picked at FINES
since the array was too close to the source to observe separation of Pn and Pg. Also, as
shown on the NORES plot, S» phases can be observed on the incoherent beams although
they were difficult to pick on the actual waveforms. However, in this study we did not

include the Sn phase at NORES.
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Figure 11: Plot of the RMS incoherent beams for the FINES (left) and NORES
(right) array recordings of one of the 8 May 1996 Gulf of Bothnia underwater
explosions. Regional phases picked on waveforms are indicated at the top.

Amplitudes of phases are measured off maximum values of RMS envelope plots of each
channel and on incoherent beams. Pn, Pg, and Lg amplitudes were determined in all the
filter bands shown in Figure 11. P/S and P/S ratios were computed only when the signal-
to-noise ratios exceeded 3. These measurements were made for eight events in the Gulf of
Bothnia. The same analysis was also applied to the Hagfors array, although in this study

we focus primarily on the FINES and NORES arrays.

Plots of the measurements of Prn/Lg and Pg/Lg ratios versus frequency for all the NORES
array elements are shown in Figure 12. The Pg/Lg ratios for the FINES array are shown in
Figure 13. In both plots, only ratios where the signal-to-noise ratios of both phases
exceeded 3 are plotted, and most of these points fall in the filter frequency bands centered
around the 3-to-6 Hz band. For NORES, the ratios increase with frequency as expected.
For FINES, the ratios decrease in the mid-frequency band, then increase. This may reflect
differences in the site effects at FINES. It should be noted that the “Pn” phase at FINES is
actually Pn and Pg in combination, and the different character in the Pn/Lg trend may

relate to interference effects of the two phases.
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